The infrared spectra of the band of the 211-211 asymmetric hydrogen stretching vibration in the three isotopic acetylene ions C2Hz (us), 13C2H2+ (Ye), and DCCH+ (vi) have been observed and analyzed. The high resolution infrared spectra were recorded using a differencefrequency laser spectrometer as the tunable coherent infrared source probing an ac glow discharge. Velocity modulation, noise subtraction, and unidirectional multipassing of the infrared beam through the discharge cell provided high sensitivity. C2H,f was produced in a gas mixture of Hz, He, and either CH4 or C2H2, with a total pressure of ~7 Torr in multiple-inlet-outlet air-, water-, and liquid-nitrogen-cooled discharge tubes; C2H2 freezing precluded its use in liquid-N2-cooled discharges. Complicated by a strong perturbation whose maximum occurred at N' = 15 for F1 and N' = 14 for F,, the assignment of the spectrum of normal C,Hl was made possible by ( 1) fortuitous discharge conditions which provided unambiguous discrimination of C2H$ lines from among concurrent CH$ and C2H$ lines, and (2) fitting the ground state combination differences. Sufficiently high N transitions wede observed where A doubling was evident. The average bond lengths rZ( CH) = 1.077 (5) A and r;(CC) = 1.257 (8) A were calculated from the spectroscopic constants determined from nonlinear least-squares fitting. Vibration-rotation interactions, the Renner-Teller interaction of perturbing states, plasma chemistry, and the relevance of the work in astrophysics are discussed.
I. INTRODUCTION
The acetylene ion C2H$ is one of the most fundamental molecular ions which play important roles in the plasma chemistry in the laboratory and in space. It is unique among the carbo-ions so far studied in our laboratory (CH$ ,'12 C2H2+,3 CT ,4 C2H$ ,5Y6 CHC , ' and their deuterated species8*9) in that it is a primary ion, i.e., an ion produced directly from a stable parent compound by ionization. Because of this, unlike for other carbo-ions, much spectroscopic information has been gained for this ion by the methods of the spectroscopy of the Rydberg states and photoionization and by photoelectron spectroscopy of its parent compound, acetylene.
Already in 1935 Price" reported his extensive spectroscopy of C2Hz and C2D2 in the vacuum ultraviolet (vuv) region of 1520 to 1050 A in which he noted two Rydberg series up to n = 10 and determined the ionization potential to be 11.35 eV, close to the modern value of 11.406 eV. The two Rydberg series nR and nR ', identified by him as Il-H and 8-8 transitions from the PQR rotational structure, were later assigned to the (Tinsa,) ' -b-&q and the (&z&r,) '8:-( 7r")Zi transitions, respectively. Price also noted the vibrational progressions of 1810 cm-' for the former and 1760 cm-' for the latter. Wilkinson" studied the vibrational structures with higher resolution and concluded that, since only totally symmetric v2 C-C stretching vibrations are excited, the molecule must be linear in both Rydberg states. Herzberg12*13 analyzed the 4R Rydberg transition under rotational resolution and established the linearity of the molecule in the excited state and assigned the electronic symmetry to 'III,. He also noted clear evidence of Renner-Teller splittings in hot bands which suggested that the ground state of C2H2+ has the symmetry of 211 and the doublet splitting was about 50 cm -'. Jungeni4 re-examined the Rydberg series and identified the nR" series corresponding to the (r&zdas)'II, state based on the suggestion by Nakayama and WatanabeI that the feature 3R" did not belong to 4R. Herman and Colini6 identified the nR" series corresponding to the (ninds,) 'II, state completing the possible Rydberg states reached from the ground state by single photon transitions. The extensive high resolution studies of C2H2, C2D2, 13C2H2, and C2HD by Herman, Colin, and others have provided a wealth of information on the Renner-Teller effect" and vibrational, rotational, and A-doubling constants" of many Rydberg states. These studies of the vuv spectroscopy of high Rydberg series indicated the following properties of C2H$ which forms the core of the states: (1) It is one of the (vu)4 electrons that is removed upon ionization. This is contrary to the case of its isoelectronic (2) The C,Hg molecule is linear in the ground electronic state and its electronic symmetry is 211U. This is contrary to the first excited state of acetylene 2 'A, in which the molecule is trans-bent.13 (3) There is a clear Renner-Teller interaction in excited states of the two bending vibrations.17 The frequency of v4 is about 473 cm-'. (4) The v2 C-C stretching vibration of CJHz is about 1810 cm-' and the C-C bond length is 1.23 A,'* about 0.02 A longer than in acetylene as expected from the removal of the bonding r electron.
The vuv photoionization spectroscopy has provided less detailed but more direct information on C2H2+ because vibrationally excited states beyond the first dissociation limit can be reached by this method. The early IP values of Watanabe" ( 11.41 eV) and of Dibeler and Reese2' ( Il.406 +0.006 eV) in 1964 agree with the modern values to within the quoted uncertainties. Dibeler and Reese" observed a series with a step structure near the threshold and noted that the spacing of the step was close to the v2=1849 cm-' reported by Wilkinson." The paper by Botter, Dibeler, Walker, and Rosenstock2' is noteworthy in that they attempted to determine all vibrational frequencies of C,H$' based on the theory of Franck-Condon factors by Sharp and Rosenstock. Their estimated frequencies seem lower than the real values except for the v2 vibration. Brehm23 and Omura et aL24 subsequently uncovered structures due to autoionization, and they were studied under higher resolution by Dibeler and Walker2' and by Ono, Osuch, and Ng.26 The most recent high resolution results by Ono et al. report the value of v2 and 2v2-v2 of C2Hc to be 1860* 27 and 1793 cm-', respectively.
Photoelectron spectroscopy has provided a wealth of information on the excited electronic and vibrational states of C2H2+. The initial work by Baker and Turner27'28 in 1967 located the ground state 2 211U at 11.40 eV and the first (2 2Xg' ) and the second (g 'X.,' ) excited states at 16.36 and 18.36 eV, respectively. They observed vibrational structures for each electronic state. From the clear regular structure of the ground state, they determined the v2 vibration of the 2 211, state to be 1830 cm-'. The observation of the strong vibrational progression indicated elongation of the C-C bond upon ionization. Hollas and Sutherly29 calculated the C-H and C-C bond elongation to be Ar, =0.012 A and Ar, =0.050 b; based on the observed Franck-Condon factors. Recent high resolution, high sensitivity works by Dehmer and Dehmer3' ( AE-20 meV) and Reutt et a131 (12 meV) reported observation of weaker features due to C2H2+ bending vibrations v4 and v5 between the members of the v2 progression. Reutt et a1.31 gave a detailed analysis of the structure and reported v2 = 1829.0(2.5) cm- ' and v4=837( 12) cm-' for the 2 211, state. The latter assignment was questioned later as mentioned below. Reutt et al. improved the accuracy of the electronic energy levels [g 211U 11.403( 5) eV, 2 2A8 16.297(5) eV, B28z 18.391(5) ev] and concluded that C2H2+ is trans-bent in the 2 2Ag state from the analysis of its vibrational structure. They reported the spin-orbit splitting in the 2 211U state to be 32* 8 cm-' based on the linewidth of their spectrum.
More recently the method of resonance enhanced multiphoton ionization-photoelectron spectroscopy (REMPI-PES) has been applied to acetylene. This method introduces two new possibilities for the study of C,H$: (a) The multiphoton process allows one to study new Rydberg states which are otherwise not reached and (b) the use of the tram-bent 2 'II, and '<p , by the (3 + 1) ionization, and Ashfold et al.33 through the gerade Rydberg states 'Zz and 'AB by the (2 -t 1) ionization. Both groups noted clear structures due to bending vibrations and reported (v4=784.5 cm-' and v,=645 cm-1)32 and (vs=670 cm -1)33 somewhat based on the v4 value of Reutt et aZ.31 mentioned earlier. Very recently Pratt, Dehmer, and Dehmer34 studied the ( 1 + 1) REMPI-PES spectrum paying special attention to the bending vibrations of C,H$ in the ground 2 211U state. Based on the observed intricate structure involving bending vibrations and on the theory of the Renner-Teller effect by Petelin and Kiselev,35 they reversed the assignment of the v4 and v5 vibrations given by the previous three groups, giving v4=572 cm-' and assigning 837 cm-' to vs. These new assignments are more in accord with the recent ab initio calculation of vibrational frequencies by Lee, Rice, and Schaefer36 in that (a) the c&-bending vibration v5 is higher than the trans-bending vibration v4, and (b) the trans-bending vibration has larger Renner-Teller splitting than the c&bending vibration. Their v4 value is also closer to those of Rydberg states reported by Herman and Colin.'* Thus the assignment of Pratt et a1.34 will be used in the present paper.
Since the paper by Mulliken37 in 1935 in which he characterized the Rydberg states observed by Price, lo there have been many theoretical papers on the electronic, vibrational, and geometrical structures of C2H2 which greatly helped experimentalists to draw the conclusions summarized above. They are quoted in the cited papers. Here we note a few recent papers which are closely related to our observation. This ion is among the small hydrocarbons studied ab initio by Pople and his colleagues. Lathan, Hehre, and Pople3* gave rcc= 1.247 A and rCH = 1.102 A, while more recently Curtiss and Pople39 gave rcc= 1.258 A. Lee, Rice, and Schaefer36 conducted an extensive ab initio calculation and gave the bond lengths rcc= 1.259 A and rcH= 1.082 A. They found Renner-Teller potential energy hypersurfaces in which both components of the 211, state increase in energy as the molecule bends and gave all seven vibrational frequencies for C,Hz and C,Dz. They recommended a search for the v3 band at -3147 cm-', and this prediction turned out to be very close to our observed value3 of 3 135.981 cm-'. A humorous episode on the theory and expecment was noted by Schaefer.40 More recently, Kraemer, Spirko, and Roos4' studied rotationvibration energy levels of C2H$ and calculated vibrational frequencies and rotational constants.
In spite of this great amount of work since 1935, the direct spectroscopy of C2Hg was not reported until 1987.3 This is due to the fact that the z2A,+i 211, emission expected at 2500 A has not been observable. The corresponding transition of diacetylene ion HC,H+ was known as the "T" spectrum of Schiiler and Reinebeck42 and was c&ara_cterized in detail by Callomon.43 The absence of the A -+X emission in C2H2+ was ascribed by Rosmus, Botschwina, and Maier& to the nonradiative decay (Douglas effect4') from the acetylenic 2 '2: state to the vinylidenic 2 2Al state which lies 1.9 eV above the 2 211U state of the acetylene ion. They conducted an ab initio calculation of the related potential curves. The fast decay rate of lOI s-l reported by Reutt et aL3' based on the width of their high resolution photoelectron spectroscopy supports this idea.
The infrared spectrum of the v3 C-H antisymmetric stretching band of C2H2+ was noted unexpectedly during our search for the spectrum of protonated acetylene5 '6 C,H: . The observed prominent series of doublet lines regularly spaced by -2.1 cm-' were initially suspected to be those of the classical (formaldehyde type) form of C,H$. However, their response to plasma chemical conditions and the spectral pattern allowed us to assign them to the v3-0 211-211 transition of C,H$. A short note of identification was published earlier.3 In this paper we present a detailed account of our spectroscopy and analysis of C2H2+ as well as of its isotopic species 13C2H2f and DCCH+. One incentive to study this molecular ion extensively was the important role it plays in the plasma chemistry both in the laboratory and in space. This aspect will be separately discussed in Sec. VI. The rotational constants for the monodeuterated species are of particular interest for radioastronomers since its rotational spectrum may be observable in interstellar space due to the effective dipole moment of 0.305 D. The predicted values of the rotational frequencies have been published separately.'
II. EXPERIMENT
The experimental setup used for the spectroscopy of the acetylene ion is similar to that used previously for carbo-ions'-9 and for H3 .
+ 46p47 The frequency-tunable infrared radiation was generated by mixing single-mode ring dye laser radiation ( -0.8 W ) and single-mode Ar ion laser radiation ( -1 W) in a temperature-controlled LiNb03 crystal, the method initially developed by Pine.48 The powerful method of velocity modulation developed by Gudeman, Saykally, and others49 was used to attain the necessary high sensitivity and discrimination of the ion signals from much stronger neutral signals. In order to fully utilize the power of velocity modulation and the limited abundance of C2HT in the ac plasma, the infrared beam was split into two beams of equal intensity, each of which traverses the discharge cell unidirectionally four times in opposite directions.46 The two beams were detected by two InSb infrared detectors whose signals were combined in opposite phase in a transformer circuit. This method allowed us to maximize the subtraction of the laser amplitude noise and the noise from the plasma, and gave the minimum detectable absorption coefficient on the order of 1 x 10T9 cm-'. Simultaneous scans of the discharge, the reference gas C2H4, 5o and a spectrum analyzer (FSR = 0.05 cm -' ) were stored in a microcomputer for wave number measurements with an absolute accuracy of 0.003 cm-'.
The C2H$ ion was produced with CH: and C2H$ and many unknown ions in ac glow discharges using mixtures of several Torrs of He with a small amount of hydrocarbon and H2 with varying relative concentrations (e.g., CH4:H2:He=40:40:7000 mTorr) . Many different scans using different plasma chemical conditions have been accumulated over the years using air-cooled, water-cooled, and liquid-N2-cooled plasmas. As expected, CHC signals were stronger relative to C2H$ and C2H$ signals when CH4 was used, and weaker when C,H, was used. CH,f signals (and later CHZ signals') could also be discriminated from other signals because of their larger widths. Chemical discrimination between the C2H$ signals and C2H$ signals was possible by changing the relative concentration of hydrocarbon and hydrogen. Details of this procedure and examples are described in our paper' on C2H$. Here we note two observations specific to the C2H$ spectrum: ( 1) When a mixture of allene and H, ( 15:lOOO mTorr) was used in the water-cooled discharge cell in our attempt to find the C3H$ spectrum, we noted that both CH$ and C2H3+ signals were diminished in size but the C,H$' signals were completely absent. (2) The singular chemical conditions of ( CH4:H2:He= 30:100-120:7000 mTorr) in the aircooled cell were extraordinarily favorable for C2H$; the C2H$ signals were absent and CH$ signals were weaker. While these observations were purely empirical and not explained, they were very useful for identifying C,H,f lines. In particular, the chemical discrimination was indispensable for the identification of strongly perturbed lines which appear far from the calculated line positions (see Sec. V).
The spectrum of 13C2H2+ was recorded using 95% enriched 13C2H2 in the water-cooled discharges and 95% enriched 13CH4 in the liquid-N2-cooled discharges. For the observation of the DCCH+ spectrum, a gas mixture of CD4:CH4:H2:He = 40: 10:40:7000 mTorr gave the best results. The use of liquid-N2-cooled plasmas was needed to see the weak signal with good signal to noise ratios (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) .
Ill. OBSERVED SPECTRUM
The observed spectra of C2H$ and its isotopic species are typical 211-211 transitions with R and P branches extending over 50 cm-' from the weak Q branch lines near the band origin. A computer-generated stick diagram of the observed lines with computed intensity for C2H,f is shown in Fig. 1 . The rotational angular momentum N and the electron spin angular momentum S couple to make the total angular momentum J=N+ S, and the spectrum is composed of two series Fl and F2 corresponding to J= N +f and J=N-f, respectively. For transitions with high J values, the spectral lines are further split into the Adoublet components with opposite parity. The relative intensity of the doublet is 3:l for C2Hc and 1:l for DCCH+ as expected from the presence and absence of the ( 12) 13C2Hz have been assigned only up to N= 14 and the expected A doubling with the intensity ratio of IO:6 was not evident. Figure 2 shows a scan in which the F1 and F2 components of the R (21) transition with the 3:l A doublet is clearly seen. The spectral lines of DCCH+ coexist with many spectral lines of other isotopic species. An example of our scans is shown in Fig. 3 . Altogether 128 lines have been observed and assigned to the v3 band of C2H$, 46 lines to 13C2H$, and 122 lines to the vl band of DCCH+. A strong perturbation was noticed on the high J lines of GHz. The assignment of these lines was made by chemical discrimination and by taking combination differences in the ground state. 
IV. ANALYSIS
The eigenvalue problem for the 2H state was solved by using the Hamiltonian given by Brown and Watson,51
where B is the rotational constant, D and Hare quartic and sextic centrifugal distortion constants, A is the spin-orbit interaction constant and A, its rotational dependence, and p and q are constants which give A doubling. N*, S*, and A+ are ladder operators for the quantum numbers N, S, and A, respectively, and [ ]+ denotes an anticommutator.
More detail of the derivation and treatment of this Hamiltonian is given in Ref. 4. We use the basis functions for Hund's case (a), i.e., 1 JSQXA), where A and B are the projection of the orbital angular momentum L and the spin angular momentum S along the molecular axis and 0=A +Z. For each value of J, we have two nearly degenerate 2x2 matrices with components
where x= J+$ 21'11,2 and 2r13/2 correspond to Hund's case (a) with (X= 71, A=hl, a=*$) and (8=&f, A = f 1, a = +=!), respectively. Equation (2) differs from Eqs. (5) and (6) in Ref. 4 by a phase factor ( -1)X multiplied to the A-doubling terms involving p and q. The phase factor is convenient since it allows us to assign automatically the eigenvalues corresponding to the upper and lower signs to the A-doublet component of larger (3) and smaller ( 1) spin statistical weight. For a low J value the off-diagonal element is small and Hund's case (a) is a good approximation.
As J increases, it gradually shifts to Hund's case (b) . It is seen that the *IIs,* and 2II1,2 levels in Hund's case (a) connect to the F, (J=N+f) and the F2
(J=N--f) levels, respectively, of Hund's case (b) . The sign of A could not be determined but was assumed to be negative from the sign of spin-orbit constants in analogous cases. Thus C,Hz belongs to the inverted case13 in which 2111j2 is higher in energy than the corresponding 2113,2. The observed spectral lines were least-squares fitted to 211-211 transitions using Eq. (2).
A. The v, band of C2H$ were assigned since the candidate lines were too weak to be identified with confidence. The deuterium-hydrocarbon discharges are noticeably noisier and have a more complicated chemistry than the normal hydrocarbon discharges. All of the nondeuterated carbo-ions are present in the discharge, and the presence of C2H.$ and C,Hc, as well as the deuterated species CH2Df and CHD;, interfered with the assignment (Fig. 3) . Because DCCH+ has no center of symmetry, both A-doubling components have equal intensity, and these were observed for both F, and F2 transitions from N' = 11 upwards, in the R branch o&y. The F, transitions from N' = 11 to 17 were mildly perturbed, whereas the F2 transitions were fit smoothly. The ground state molecular constants B", D", A", A& p", and q" were determined from a fit of 60 ground state combination differences. With these constants held fixed, the corresponding upper state molecular constants and the y1 band origin were determined from a fit of 94 transitions.
For CzH$, 128 transitions, including 28 weaker Adoubling components have been assigned, from which 71 ground state combination differences could be formed. The weak Q branch lines characteristic of the 211-211 transition have been assigned up to N= 5 for F, and N=2 for F2. A large perturbation was noted for the y3 state which made the assignment of high J R and P branch transitions difficult. Fortunately the chemical discrimination mentioned earlier and the well-behaving ground state combination differences helped us to assign the spectrum. The combination differences between the unperturbed ground state energy levels were fitted to B, A, D, and q. Because of the early onset of the perturbation (F1:N'=3, F,:N'=ll), only 29 transitions were used to determine the upper state constants 1*3, B', and A', while the ground state constants were held fixed to the values determined from the ground state combination differences fitting, and D' and q' were equated to the values of D and q. The observed spectral lines, combination differences, and molecular constants are listed in Tables I, II , and III, respectively. The perturbation will be discussed later in Sec. V.
D. Molecular constants
Because of the high symmetry of C2H$', its five vibrational modes separately belong to different symmetry species except for y1 and v2: yl, y2(Zc), ~~(2:)~ vJ(IIg), y5 (II,).
Therefore, there is only one independent vibration-rotation parameter.52 The three Coriolis constants (CL = -Gay ~34~ = -G+,, i& = -i&J and the two inertial derivatives (ay=d;Y, uy=dy) are related through four equations, The assigned i3CzH2+ spectrum behaves similarly to the C2H$ spectrum. Because of the expense of carbon-13 isotope gases, however, only a narrower frequency interval was scanned, and in particular, no scanning was performed under the special discriminating chemical conditions. This limited the assignment of transitions after the onset of the perturbation to the upper state energy levels. Transitions have been assigned up to N'= 14. Splitting due to A doubling, where the two components are expected to have relative intensities in the ratio 10:6, was not evident at this value of N'. Forty-six transitions have been assigned from which 19 ground state combination differences could be made. The Q branches were too weak to be seen. The observed spectral lines and molecular constants are listed in Tables I and III, 
where F2* is the force constant in terms of the symmetry coordinate S,. This formula disagrees with the similar one given earlier.54 Through a straightforward application of perturbation theory,55 we obtain the expression for the centrifugal distortion constant In Eq. (8) k,, etc., are cubic potential constants to be multiplied to the expression qld of dimensionless normal coordinates. The relative signs of cl4 and 624 are chosen (7) such that < = 2 ficz4 and e = -2 $ci4, so that they satisfy the sum ruleS5 HpLSX,,=O. R (12) R (11) R (10) R (9) R (8) R (7) R ( P (2) P(3) P(4) P (5) f' (6) P (7) P (8) P(9) PC 10) P(11) PC 12) fYl3) P( 14) P (15) P ( 16) P ( 17) PC 18) 10-7k133+ 1.4216x 10-5k233.
E. Molecular structure
The spectrum clearly shows that C2Hz has a linear equilibrium structure and that the symmetry of the electronic ground state is 211. Using the Be constants of C2H$ and 13C H+ 2 Z , we obtain the r, structure 0 'cc= 1.2521~0.0008 A and $.,= 1.0782~0.0050 A,
where the uncertainties are calculated from those of the rotational constants. If we use the B. constants of C2H2+ and DCCH+, we obtain the r. structure $c= 1.240 w and r&= 1.110 b;, which is considerably different from the above results. This large discrepancy is not experienced if we use the same procedure for the structural determination of neutral acetylene56 and may be due to a complication of the Renner-Teller effect. Because of the different symmetry of C,H; and HCCD+, the vibrational potential for the Renner-Teller split states is different for the two species. This may invalidate the usual method of structural determination using isotopes in which their potentials are assumed to be the same and only their relative mass difference is taken into account. We thus use the first result as the r. structure. The averages4 (or zero-point57) structure is obtained from the zero-point rotational constants B, in which the contribution of the harmonic part of the zero-point vibra- Table IV together with (9) where d, is the degeneracy of the sth vibration. Unlike Eq.
theoretical predictions. The bond lengths in C2H2 are also listed for comparison.58 It is noted that the removal of one of the r", bonding electrons elongates the C-C bond by 0.05 1.57x lo-6b 0.554( 11) x 1o-6 0.9x 1o-6 b A".
- 
V. PERTURBATION
The effect of a sizable perturbation amounting up to overtaken at J= 13.5. It is most likely that the perturbing 1.59 cm-t has been noted in the v3 state of C2H$ as shown levels are doublet levels of one vibronic state. A similar in Fig. 4 . The singularities of the curves indicate that the effect was noted for 13C2Hz, but we could not follow the perturbing level approaches the F, perturbed levels from series to the singularity points. The effect is absent for lower energy and overtakes it at J= 16.5, while for the F2 HCCD+ indicating the accidental nature of the near deperturbed levels it approaches from higher energy and is generacy which causes the shift. 'AE = E, -E,,3. bThe mixing terms in parentheses are not totally symmetric with respect to the molecular symmetry group operations-and thus are not allowed.
Since the y3 state is above the ground state by 3136 cm -' and the two bending frequencies are low ( v4= 572 cm-' and vg = 837 cm-' ), many of their overtone states are candidates for the perturbation. The Renner-Teller effect of the *Il electronic state complicates their energy levels. However, the recent analysis of the Renner-Teller effect associated with V~ by Pratt et aZ.34 allows us to reduce the possible perturbing states. The treatment of the Renner-Teller effect for simultaneous excitation of two different bending modes is complicated and has not been worked out in general form. However, here we can take advantage of the theoretical predictions by Lee et al. 36 that the Renner-Teller splitting for vs is much smaller than that for v4 (the ratio of the Renner parameters e4:es -17: 1)) and neglect the Renner-Teller splitting associated with vs. Using the formula of Petelin and Kiselev35 and the vibrational frequencies v4= 572 cm-' and v5 = 837 cm-', together with the Renner constant e4=0.109 given by Pratt et al.,34 we find candidates of the perturbing vibronic states as given in Table V . Since the accuracy of the constants is not high and also since we neglected the v5 Renner-Teller interaction as well as the vibrational anharmonicity, we list all energy levels which are calculated to be within 150 cm-r of the v3 state. K4= 1 14+A 1 and K = 1 A + 14+ 1s 1 signify the partial and total angular momentum quantum number along the molecular axis and the f on K discriminates the upper and lower energy levels of the Renner-Teller split levels. Readers are referred to Herzberg's Vol. 111, 13 Petelin and Kiselev, 35 and review articles59"' for more details.
The mixing terms and AK that are needed to connect these perturbing states to the v3 state are also listed in the table. If AK is even, the mixings are Fermi interactions, while if AK is odd, they are Coriolis interactions. Since the mixing terms ought to be totally symmetric with respect to all molecular symmetry operations,62 those terms in parentheses in Table V which have the odd sum of the powers of q3 and q5 (ungerade) cannot exist. This leaves v2+v4+v5, 4v4+v5, and v4+ 3v5 as possible perturbing states. Our experimental result indicates that the order of magnitude of the perturbing term is -2 cm-' for J-10, i.e., -K~E, where K is the Born-Oppenheimer constant and Eu is the vibrational energy. The orders-of-magnitude consideration shows that these terms are qn(n<5) or q"J(n=O). The q3qiq5Jx term in Table V is thus excluded. Thus we arrive at the 4 Renner-Teller states for v2 + v4 + v5 and the 12 Renner-Teller states for 3v5+v4 as candidates for the perturbation, with some preference for the latter because of the smaller calculated AE and the right order of magnitude for the mixing element. It seems to be difficult to narrow down the candidates further.
A strong Fermi resonance between the v3 state and the B component of the v2+ v4+ v5 state has been known for the neutral acetylene molecule.64-66 The corresponding rotational levels of the two states are mixed almost 1: 1 because of the accidental near degeneracy of the two states. The whole band of v2 + v4+ v5 is observed with an intensity comparable to that of the v3 band. The perturbation observed in C2H$ is of a different nature and is more typical of perturbations that occur only to certain rotational levels for which the two interacting states with different rotational constants are accidentally degenerate.
VI. PLASMA CHEMISTRY
The helium-dominated hydrocarbon ac plasmas used in our experiments are extremely rich in the variety of cations. The peak total density of cations is estimated from the current density and mobility of electrons67 to be of the order of 2-3 X 10" cme3 on the assumption of overall neutrality. So far spectra of CH$,"* C2H$,3 C2H$,5 '6 and CHZ (Ref. 7) have been identified in the plasmas, but spectra of other carbocations undoubtably have already been observed but are yet to be identified. In addition to the spectra of carbocations which we are pursuing, strong spectra of the ubiquitous H$ and HeHf are observed. The sensitivity of the spectrometer is such that even spectra of HCO+, HN$, HCNH+, and H30f, which are believed to result from O2 and Nz impurities in He gas, are clearly observed.
The density of carbocations is a small fraction of that of neutral hydrocarbons. The hydrocarbons such as CH4 or C,H2 which were initially introduced into the plasmas have densities -lOI cme3, and their stable reaction product must have fairly high density. Also, the free radicals such as CH3, CH2, and C2H are more stable than ions and exist abundantly in the plasmas. An attempt to reach some systematic understanding of this orgy of chemistry seems unrealistic. Nevertheless, we can obtain purely empirically plasma conditions which suit particular molecular ions.
One interesting aspect of this work is the relative abundance of the primary ion C2H2+ and the protonated ion CzHT. Their spectra appear with approximately equal intensities in many plasmas. Considering the fact that the rotational partition function of C2H3+ (tunneling asymmetric rotor5) is significantly larger than that of C2H$ (linear molecule), the abundance of C2H3f must be several times higher. By and large, C2H$ lines are observed strongly in most plasmas while the abundance of C2H$ depends more critically on the plasma conditions. As noted earlier in Sec. II, some special chemical conditions vary their relative intensities by more than an order of magnitude. The two species are related by the hydrogen abstraction reaction CIH; + H2 --+ C2H3+ + H.
The true nature of the reaction greatly affects the plasma chemistry in the laboratory and in space, and it is currently under intensive study.68-73 The approximate thermoneutrality of this reaction was initially noted in photoionization spectroscopy2"74 and photoelectron-photoion coincidence mass spectroscopy.75 It was later more accurately measured to be endothermic by 2 kcal mol-'.76 This was recently contradicted by Hawley and Smith, 70 .71 who observed a rate constant of 1 X lo-" cm3 s-l at 2 K and concluded that this reaction is at least thermoneutral and possibly exothermic. In our plasma this reaction acts as the main destruction mechanism of C,Hg (apart from the general ambipolar diffusion). Thus a large concentration of H2 in general reduces the intensity of the C2Hc spectrum. Reaction (10) is not the sole production mechanism for CzH: . The proton hop reaction Cd-I2 + H3+ -* C2H3+ + H2 (11) has the large Langevin rate constant of 2-3.5~ 10m9 cm3 s-l," and is probably more efficient in producing C2Hj' in most plasma conditions. In the following we shall trace the chain of plasma chemistry in acetylene and methane discharges.
A. Discharges using acetylene While most spectroscopy has been done using the liquid-N,-cooled plasmas for which acetylene cannot be used, many acetylene discharge experiments have been done using water-and air-cooled discharge cells for special chemical conditions for C2H2+. The ion chemistry starts from the ionization of acetylene through electron impact or reactions with ionized or metastable helium. The appearance potentials of the electron impact ionization for C2H2f, C2H+, Cz, and CH+ are 11.4, 17.9, 19.5, and 22.5 eV, respectively.78 In our plasmas the electron temperature is on the order of 3 -5 eV, and the ionization occurs using the tail of the energy distribution of the electrons. Thus ions are expected to form mostly C!,H$. The branching ratios for the dissociative charge transfer reactions by He+ to produce C2H$, C,H+, Cl, and CH+ are 7%, 25%, 46%, and 22%, respectively.77 Metastable He is expected to react in a similar way except that it favors the branching ratios of the lower energy products C2Hz and C2Hf. The C2H+ and C!: thus produced are quickly converted to C,H$ through the chain of hydrogen abstraction reactions We used mixtures of CH,, HZ, and He in air-, water-, and liquid-N2-cooled discharges. The liquid-N2-cooled CH, discharges gave C2H2f spectral lines with better S/N than water-cooled C,H2 discharges, although it was dominated by strong CH$ spectral lines. For the electron impact ionization of CH4, the appearance potentials of CH.$, CH$, CHC, and CH+ are 12. 71, 14.25 15.20, and 22.3 eV,79 respectively. Unlike the case of C2H2 ionization mentioned above, the first three values are not widely different, and the three ions are produced in similar abundance.80 For the reaction with ionized helium, the branching ratios for the products of CH$, CHZ, CHZ, and CH+ are 3%, 5%, 74%, and 19%, respectively.77 Metastable He is expected to give similar results except that it favors the lower energy products. The carbocations CHZ and CHf produced are rapidly converted to CH,f through the series of hydrogen abstraction reactions Adams*' leading to the total rate constant of 1.3X 10m9 cm3 s-', while the second column is from the ion cyclotron resonance (ICR) experiment by Huntress et al. 82 with the total rate constant of 1.29~ low9 cm3 s-l. It is also produced from CHC through where again the first column of numbers is from the SIFT experiment8t and the second from the ICR experiment.82
The total rate constant was measured by both methods to be 1.2~ 10M9 cm3 s-l. The reaction of CH$ with CH, was shown to end 100% in C2H,f through CH,+ +CH4-C2H,+ +H2 by many independent groups using different experimental techniques." These results suggest strongly that the reaction of carbocations with CH, is not likely the main production mechanism to produce C2H$ in our plasma. Not only are their branching ratios for C2H$ production low, but also they have to compete with the very fast hydrogen abstraction reactions of CH+ and CH:. They also have to compete with the very fast hydrocarbon polymerization reactions such as which all have Langevin rates. It is more likely that C2H$ is produced directly from C2H2 which is produced in plasmas through neutral reactions. We have no explanation for the empirically obtained special chemical conditions mentioned in Sec. II which favor or disfavor C2H$.
C. Plasma chemistry in space mic. Recent theoretical studies by Yamashita and Herbst73 seem to support this result. Thus in a recent paper, Glassgold, Omont and GuClin8' advocate the importance of C2H3+ in circumstellar and interstellar chemistry. It is our hope that the infrared spectrum of C2H$ reported in this paper will someday be used to help settle these crucial problems of chemistry in space.
It has been suggested that C2Hc and C2H3+ along with CHZ play pivotal roles in the formation of polymeric carbon molecules in molecular clouds. This is eloquently demonstrated in the chemistry flow chart for dense molecular clouds by Smith,83 here reproduced in Fig. 5 . The polymerization of carbon molecules proceeds through ionneutral reactions involving C2H$ and C2H3f.
